Epidemiology and etiology of childhood pneumonia in 2010: estimates of incidence, severe morbidity, mortality, underlying risk factors and causative pathogens for 192 countries Background The recent series of reviews conducted within the Global Action Plan for Pneumonia and Diarrhoea (GAPPD) addressed epidemiology of the two deadly diseases at the global and regional level; it also estimated the effectiveness of interventions, barriers to achieving high coverage and the main implications for health policy. The aim of this paper is to provide the estimates of childhood pneumonia at the country level. This should allow national policy-makers and stakeholders to implement proposed policies in the World Health Organization (WHO) and UNICEF member countries.
Pneumonia is still the leading cause of child mortality globally [1, 2] . However, an increased focus on the reduction of child mortality that arose from the United Nation's Millennium Declaration [3] and the Millennium Development Goal 4 has renewed the interest in developing more accurate estimates of the causes of child deaths. This should inform more effective health policies and track the progress of their impact. In 2001, the Child Health Epidemiology Reference Group (CHERG) -a group of independent technical experts funded by The Gates Foundation and working closely with the World Health Organization (WHO) and UNICEF-set out to systematically review and improve data collection, methods and estimates of the main causes of child deaths for 2000 [4] . Evidence from CHERG estimates -ie, that pneumonia was the leading cause of child mortality -contributed to the initiation of a number of global efforts, such as the Global Action Plan for Pneumonia (GAPP). GAPP was designed to promote the expansion and improvement in community case management, the reduction in risk factors for disease and the support for the massive roll-out of vaccination against Haemophilus influenzae type b (Hib) and Streptococcus pneumoniae (SP) by countries through support from the GAVI Alliance [5, 6] . Those efforts, alongside economic and social developments observed in many low-and middle-income countries over the past decade, have all contributed to a substantial reduction of the burden of morbidity and mortality from childhood pneumonia [7] .
CHERG's work also led to several Lancet series that had a substantial impact on global, regional and national-level donors and policy-makers [7] [8] [9] [10] . It also inspired similar efforts to address the epidemiology and provide estimates for other causes of the global burden of different diseases [11, 12] . The recent series of reviews published in the Lancet and PLoS Medicine, conducted by CHERG members in collaboration with the WHO, UNICEF and USAID within the Global Action Plan for Pneumonia and Diarrhoea (GAPPD), addressed the epidemiology and the current global burden of the two leading causes of childhood death, pneumonia and diarrhea, in the year 2010-11 [13] . The series also estimated the importance of risk factors [13] , effectiveness of interventions [14] , barriers to achieving high coverage at the community level [15] , validity of coverage measures [16] [17] and main implications for health policy [7] .
The recent GAPPD reviews focused at the global and regional level [13] . The aim of this paper is to supplement the Lancet's GAPPD series with further information on the underlying models and methods, to augment that already available, and thereby assure that all input data and detailed descriptions of methods are transparently presented and available in an open-access source. Additionally, this paper also provides estimates of childhood pneumonia burden at the country level to allow national policy-makers and other stakeholders to implement the proposed policies in the World Health Organization (WHO) and UNI-CEF member countries.
Challenges to estimation of childhood pneumonia burden
Incidence and severe morbidity. An accurate estimate of the global, regional and national burden of childhood pneumonia is very difficult to make for a number of reasons. First, the incidence of pneumonia can only be properly assessed through longitudinal community based studies [18] . Such studies are very scarce in low and middle-income countries, where the majority of the pneumonia disease burden occurs, in part because they require a major commitment from both the investigators and research funders in a low-resource setting over an extended period of time. Due to the seasonal nature of pneumonia incidence, which has various peaks in different seasons, studies measuring incidence need to be conducted over full calendar years (or multiple 12-month periods) [19] . The screening of large numbers of children needs to be active, regular and frequent (eg, no longer than 2 weeks between home visits), because recall bias leads to under-estimation especially in large families [19] . In addition to these basic methodological requirements, the most fundamental uncertainty with measuring the incidence of childhood pneumonia in a community setting comes from the choice of case definition and the accuracy of its application by the assessor who establishes the diagnosis. Since pneumonia is actually a diagnosis made on tissue pathology, there is no clinical definition that is fully accurate. In any community-based study on pneumonia incidence, the measured entity is not in fact childhood pneumonia itself, but rather the incidence of children who test positive for the chosen case definition of childhood pneumonia [20] . The case definition is based on a number of symptoms and signs; although the WHO definition of childhood pneumonia (cough or difficulty breathing and an elevated respiratory rate, defined according to the child' s age) is the most frequently used in field studies, other definitions are often encountered in the literature confounding cross study comparisons of incidence. Depending on the combination of sensitivity and specificity of the chosen case definition, the burden of "true" pneumonia in the community of children can be grossly over-or underestimated [20] .
A further problem is that the clinical training of assessors differs between the studies and this often affects the application of case definitions, unless the study implementation is highly controlled. Physicians tend to use their own clinical judgment in addition to the case definition. They will be likely to provide more conservative estimates, while community health workers may over-diagnose pneumonia in a community to the level where they consider a high proportion of acute respiratory infections in a child as cas-es of "pneumonia" [19] . Moreover, it is important to understand for each study whether the investigators attempted to exclude cases of respiratory disease that met the clinical pneumonia case definition but were assessed in some other way as being bronchiolitis, pertussis, measles, or even asthma, malaria or neonatal sepsis.
The effect of these challenges was reflected in the first-ever attempt to estimate the incidence of childhood pneumonia, which identified only 28 studies that met the minimum quality criteria [18] . The incidence of pneumonia reported in these studies still ranged 100-fold between their minimum and maximum reported incidence rates per childyear which could reflect true heterogeneity in the burden of disease or more likely also reflects the challenges of standardizing the epidemiologic study design and its application at the field level [18] . Similar, if not greater problems are encountered with estimating the incidence of severe, life-threatening pneumonia (which requires hospital referral and treatment) in the community. This estimate cannot be based on measures of childhood pneumonia hospitalizations because parents' care seeking behavior, access to hospitals, and medical professionals' threshold for admission varies widely within and across geographic settings [19] . There are WHO definitions for severe pneumonia (cough and difficulty breathing with lower chest wall indrawing) and for very severe pneumonia (cough and difficulty breathing with danger signs). These definitions are useful insofar as they are applied at the community level for guiding the case management and referral of children to a hospital, hence are purposefully highly sensitive and poorly specific for truly life threatening disease. Therefore, estimates of the incidence of severe childhood pneumonia in the community are particularly rare. Moreover, great caution must be applied in making comparisons between studies or in combining data across studies to assure that only similarly designed and implemented case definitions are considered together. The best estimates of pneumonia usually come from the control arms of randomized controlled trials of vaccines. This is because severe pneumonia is usually an outcome that is being monitored over a multiple of 12 months, usually with a highly stipulated and rigorously implemented case definition. Such studies provide the best estimates of severe pneumonia in the community that we have today [19] .
Mortality. Estimating mortality that results from childhood pneumonia in a community also has its significant methodological challenges. Mortality studies require similar study designs to incidence studies, although home visits do not need to be as frequent as in the former, because care-giver recall of a child death is more accurate and longlasting than of an illness episode [21, 22] . Identifying the exact cause of death can be difficult in an appreciable number of cases. The assigned cause of death is usually based on a verbal autopsy provided by a mother or another family member. These are typically based on the report of signs and symptoms around the time of death. Many of them are not specific to pneumonia, but can also be found in children with other conditions, such as sepsis and malaria. In addition, many dying children have suffered from chronic malnutrition and may have other underlying ailments, such as asthma, metabolic disorders, immunodeficient conditions (HIV), sequelae of previous injuries, chronic diarrhea, or congenital defects [23] . They may develop pneumonia in addition to an exacerbation of another ailment, or have concomitant malaria or diarrhoea. In such cases, it is challenging to assign the death of a child to a single cause through verbal autopsy. Furthermore, the clinical signs and symptoms of a pneumonia death overlap with those of other causes of death such as malaria or measles, hence misclassification errors are significant. Moreover, there are studies that focus exclusively on pneumonia as a cause of death, while others are multi-cause mortality studies, documenting the causes of all child deaths in the community. Typically, studies focused exclusively on pneumonia tend to over-estimate its contribution to overall child mortality [24] . This is because in such studies it is more likely that a number of other underlying causes or immediate causes may be misclassified as pneumonia. Therefore, multi-cause mortality studies are preferred as a source of information to single-cause studies [24] .
Risk factors. In addition to estimating the incidence, severe morbidity and mortality from childhood pneumonia at the global, regional and national level, it is important to understand risk factors that contribute to the development of childhood pneumonia and that may offer clues to prevention of the disease. However, well-conducted studies of pneumonia risk factors in low resource settings are remarkably scarce. There is wide variation among risk factor studies in their focus, study design and outcome: while some explore risk factors associated with incidence of pneumonia at the community level, others focus on the risks that are associated with progression to severe disease in those who already have pneumonia [1] . A third type of study are those that are hospital-based and investigate risk factors associated with progression to death in a child receiving treatment and compare case-fatality rates among different children [1] .
Another methodological challenge is that the most commonly investigated risk factors for disease or for death are commonly identified together among cases. For example, undernutrition, use of solid fuels in a household, crowding, lack of exclusive breastfeeding, low degree of maternal education, limited access to secondary care and passive care-seeking behavior are all often characteristics of poor households, where most of the deaths occur. Because of this collinearity, an assessment of the effect size of any par-ticular risk factor in isolation from the role of others will likely lead to gross over-estimation of the true effect size [1, 18, 19] . Therefore, very large prospective studies are required, based on multivariable study designs, to ensure an adequate number of study participants with heterogeneity in the prevalence of risk factors and thereby allow an accurate assessment of the individual role of each risk factor. Very few such studies exist; this is a permanent research priority, because the effect sizes attributable to individual risk factors in different contexts are still poorly understood [1, 18, 19] .
Etiological agents.
There is a growing need to identify etiological agents that contribute to the disease development at each of the three levels of severity -episodes of community-acquired pneumonia (incidence), severe pneumonia (severe morbidity) and pneumonia deaths (mortality). This is because vaccines are now available to prevent infections with major pathogens, such and Streptococcus pneumoniae (SP), Haemophilus influenzae type b (Hib) and influenza virus (flu), while a vaccine against respiratory syncytial virus (RSV) is also being actively pursued [25] [26] [27] . However, precise estimation of the distribution of the episodes, severe episodes and deaths from childhood pneumonia by etiological agent is even more difficult than estimation of the overall disease burden itself, for a number of reasons. First and foremost, the site of infection -the lung -is generally an inaccessible organ that is in constant contact with the external environment through the naso-and oro-pharynx, which are body sites that are sampling and immunologically responding to potential pathogens. Second, the procedures needed to collect specimens from potential cases are ones that usually require a hospital facility, meaning that studies must be done in places where cases have access to a hospital facility. Such studies also require laboratory facilities that can process samples in a timely fashion and can run a multitude of tests to document presence of pathogens in a child [28] . This means that they tend to be (teaching) hospital-based and therefore do not sample across the whole range of pneumonia cases in a population. Most deaths from pneumonia occur in places where no hospital facility is available, highlighting the nearly inextricable paradox that appropriate studies cannot be done in the places where most of the death burden occurs.
Third, accepting that paradox, even in settings where studies can be done there are further issues. The choice of biological samples (specimen) in which the presence of a potential pathogen should be sought means that multiple body fluids must be collected. Ideally, for a bacterial diagnosis, samples should come from the lung tissue itself (eg, by needle aspirate), from a pleural exudate, or a blood culture sample, but this is often neither feasible nor acceptable in a professional or lay community [28] . As an alternative, analyses of collected sputum or nasopharyngeal swabs can be performed, but their contribution to understanding the etiology is complex since the pathogens identified in these locations are also commonly found among healthy children.
Fourth, the more tests performed, the more agents will be found, and statistical methods to disaggregate and associate individual pathogen contributions to etiology are lacking. This is an increasing problem with modern sensitive techniques like PCR-based tests identifying the presence of often many co-existing and potentially pathogenic agents (whose role in the disease episode is very uncertain). Finally, we don't sufficiently understand the interplay between various pathogens and how a specific time sequence (eg, a viral infection, followed by a bacterial superinfection) may act to compromise the local and/or systemic immune response to cause a serious and life-threatening episode of childhood pneumonia by a pathogen that may otherwise not cause severe disease. Even with sophisticated expansive testing a significant proportion of cases may not have an etiology associated with the case. The meaning of this has to be assessed. Some of these cases may not have pneumonia at all, while other cases may not be associated with an etiology because of statistical methods used, in spite of identification of pathogens in the upper respiratory tract; finally, some may not be assigned to a causal pathogen because of laboratory test insensitivity. There remains therefore a gap in understanding the etiological spectrum of what is clinically defined as pneumonia [25, 28] .
These complex issues for studying pneumonia etiology are being addressed in a large, 7 country pneumonia etiology study among children (PERCH) [25] . This study is under way and the first results are expected following the completion of the field work (in early 2014) and an analysis period.
Because of the many biologic, epidemiologic, laboratory, and statistical challenges of pneumonia etiology observational studies, the most reliable methods for estimation of the proportional contribution of different pathogens to the burden of childhood pneumonia are vaccine trials [29] . The observed reduction in the incidence of pneumonia (using various case definitions) following vaccination reveals the disease burden attributable to that specific pathogen, once the less than 100% vaccine efficacy of the product is accounted for. This approach also has its limitations, mostly insofar as a vaccine trial can only reveal the burden of one pathogen at a time. For some pathogens (such as SP), not all disease-causing strains may be included in a strain specific vaccine [30] . If the distribution of strains varies by factors that also contribute to variation in pneumonia disease burden (eg, geography, pneumonia case definition, malnutrition, HIV), then careful attention must be paid to applying the vaccine efficacy measures to the appropriate measure of pneumonia disease burden [29] . Also, vaccine-based approach may be very useful in understanding the causal contribution at the level of incidence and severe morbidity, but may be limited in their ability to inform about the pathogen contribution to mortality (which is often a rare event in vaccine trials, where enormous resources are in place that themselves reduce the risk of death). Finally, although it might be ideal to conduct vaccine trials in parallel in many geographic regions using a harmonized protocol to reveal the geographic variability in contribution of pathogens to disease, vaccine trials are not usually designed for the purpose of disease burden estimation; they are also very expensive to conduct, which limits the number of sites where they can be undertaken [31] . They are generally not sufficiently large to have acceptable statistical power to detect a mortality reduction, as there are relatively few deaths in the study population.
Moreover, after a definite proof of vaccine efficacy and effectiveness is established, there are significant ethical issues regarding the conduct of further trials if they necessitate a control arm in which children are not provided what has been shown to be a life-saving vaccine. This self-limits the accumulation of the evidence towards the importance of specific pathogens. An additional layer of complexity comes from the notion that the etiological spectrum may change markedly with increasing severity of disease: at the level of incidence of childhood pneumonia in the community, viral causes seem to be responsible for a majority of episodes. However, a proportion of these cases will result in severe and life-threatening disease. In a sub-sample of severe cases, bacterial agents seem to be over-represented. Evidence from antibiotic treatment trials, from vaccine trials, and from studies of lung puncture studies provide a firm evidence base that episodes of death from pneumonia are dominated by bacterial causes. If true, this would suggest that SP and Hib vaccine probe studies (with "proxy" endpoints of severe episodes prevented) may under-estimate the importance of these agents as a cause of death. Longitudinal studies of mortality in low-income countries that have introduced Hib and SP vaccines recently and that are achieving high vaccine coverage will likely provide confirmatory evidence of that contribution to pneumonia mortality in the coming years [25, 26, 31 ].
An overview of previous estimates
One of the earliest attempts at estimating the global burden of communicable diseases was provided by Cockburn and Assaad in the early 1970s [32] . Bulla and Hitze built on their work by specifically addressing the contribution of acute respiratory infections [33] . Almost a decade later, Leowski [34] used data from 39 countries to estimate that acute respiratory infections may have been causing about 4 million child deaths each year: 2.6 million in infants and further 1.4 million in children aged 1-4 years. In the early 1990s Garenne et al. [35] further refined these estimates using an epidemiological model that explored the association between all-cause child mortality and the proportion of deaths attributable to acute respiratory infections, showing that between 20-33% of child deaths were associated with respiratory infections [35, 36] .
The 21
st century has seen a much larger number of efforts, mainly designed and led by CHERG and their partners, which further improved the understanding of the epidemiology and etiology of childhood pneumonia. The first estimate of global incidence of childhood pneumonia was provided by Rudan et al. [18] for 2000. In parallel, a refined estimate of childhood pneumonia mortality for the same year, based mainly on single-cause studies, was provided by Williams et al. [37] . The first estimate of pneumonia mortality from multi-cause studies was published by Black et al. in CHERG's paper on the causes of global child mortality in the year 2000 [4] . Then, estimates underwent further refinements and updates. An updated estimate of childhood pneumonia mortality for 2008 in postneonatal children in low and middle-income countries, based on single-cause studies, was provided by Theodoratou et al. [38] . Estimates based on multi-cause studies underwent three updates: for the period 2000-2003 by Bryce et al. [39] ; for 2008 by Black et al. [40] ; and for 2010 by Li et al. [41] .
The first comprehensive assessment of the burden of severe pneumonia according to the WHO's definition and the role of risk factors was provided by Rudan et al. [1, 18] . This work was followed by the first attempt to estimate the global burden of childhood pneumonia on health systems; Nair et al. [42] used both published and unpublished information to calculate the number of hospitalizations for severe pneumonia, a number which is smaller than the estimate of cases of severe pneumonia in the community because of lack of access and/or care-seeking in many settings.
Once the "envelopes" for the burden of pneumonia incidence, severe morbidity and mortality from pneumonia in 2000 were provided, a series of efforts attempted to estimate the proportion of the burden at each level of severity that can be attributed to the main etiological agents that cause pneumonia. O'Brien et al. [43] developed the first global, regional and country estimates for the morbidity and mortality from Streptococcus pneumoniae, Watt et al. for Haemophilus influenzae type b [44] , while Nair et al. generated global and regional estimates for RSV [45] and for influenza [46] .
The estimates of pneumonia incidence, severe pneumonia cases, severe pneumonia hospitalizations, pneumonia mortality, and cause specific estimates are based on different and almost entirely independent sources of information, which allows for assessments of validity and consistency between the various estimates. Validation of these estimates can be approached in various ways. A few examples include: (i) an assessment of the measured proportion of all pneumonia cases that are categorized as severe; (ii) the ratio between the estimates of severe episodes and deaths, and also (iii) between all pneumonia episodes and deaths. These proportions and ratios need to largely support the observed case-fatality rates typically seen in both community-based and hospital-based data sets from individual studies. Moreover, the sum of etiology specific fractions attributed to different pathogens needs to fit within the overall burden of incidence, severe morbidity and mortality. For the Hib and pneumococcal pathogen specific estimates, they must fit within these envelopes by definition, since the methodology to estimate the absolute burden was a proportional approach -but this was not the approach for the estimation of the RSV or influenza burden. The ratios between different pathogens were also found to broadly reflect those observed in the high quality field studies or hospital-based studies further validating the estimates. Towards the end of the past decade it was notable that, regardless of all methodological challenges and uncertainty inherent to this research, all the major estimates from different sources were increasingly consistent with each other and provided a clearer global and regional picture of the burden of childhood pneumonia and its causing pathogens, albeit with wide uncertainty bounds around the point estimates [40] [41] [42] [43] [44] [45] [46] . This paper therefore brings all the estimates together and provides an update for 2010-11, in which all information is provided in a single analysis, and where country-level estimates are also be provided.
METHODS
Many steps are required to develop an internally consistent estimate of global, regional and national burden of childhood pneumonia based on best available evidence. To fully explain our approach, we developed a table (Online Supplementary Document) which all input data, assumptions, methods, solutions to specific problems or dilemmas, formulae for calculation of different parameters, and the interim and final estimates are provided. In this section, we present a summary for those steps, list all sources of data and explain the rationale for each subsequent step. Input data for country-level populations and prevalence of risk factors for pneumonia incidence
Initially, we list 192 countries by World Health Organization's regional classification, with 6 main regions (the Americas (AMRO), Africa (AFRO), Eastern Mediterranean region (EMRO), European region (EURO), Western Pacific region (WPRO) and South-East Asian region (SEARO)) and further divisions by the level of development into "A", "B", "C", "D" and "E" sub-regions [47] . For each country, an estimate of the population of children under the age of 5 years in 2010 was obtained from the UN's Population Division [48] . Then, the 5 most important risk factors for childhood pneumonia incidence were identified. They were selected based on consistently significant effects in multivariate study designs and previous meta-analyses [1, 18] . They are: malnutrition (weight-for-age z<-2), low birth weight (≤2500 g), non-exclusive breastfeeding (in the first 4 months), solid fuel use ("yes") and crowding (7 or more persons sharing the same household) [1, 18] . The data on the prevalence of exposure to each of those 5 risk factors in each country in the year 2010(or the closest year with available data) was obtained from the recent Demographic and Health Surveys (DHS) and Multiple Indicator Cluster Surveys (MICS) [49, 50] . For all countries in which data on the prevalence of exposure were not available, the prevalence was imputed based on the regional mean value, which was weighted by population size of all countries with any data. The effect size of each risk factor on pneumonia incidence was assessed through meta-analysis of the studies that reported multivariable analyses of risk factor's odds ratios (OR) in low and middle-income countries. The meta-estimates of odds ratios assigned to each risk factor were: 1.8 for malnutrition, 1.4 for low birth weight, 1.3 for non-exclusive breastfeeding, 1.8 for use of solid fuels and 2.0 for crowding. In high-income countries, where less than 2% of all cases of community-acquired pneumonia occur, we did not use the model based on risk factors but rather applied "flat" rates of incidence for "A", "B" and "C" regions based on several high-quality studies (see Online Supplementary Document), and which ranged between 0.015 and 0.060 episodes/child-year (see later). For the proportion of severe episodes in each high-income region we used one single rate which was the median of all available studies (26.7%, see later).
Computation of country-level incidence of pneumonia and severe pneumonia
In all LMIC countries, we multiplied the number of children in each country by the prevalence of exposure to each of the 5 risk factors. This provided an estimate of the absolute number of exposed children in each country who were at excess risk of developing childhood pneumonia in the year 2010. We then calculated the proportion (ie, a weighted mean) of all children in each LMIC region and country exposed to each of the 5 risk factors; then, in each country, we multiplied the proportion of children who were above, or below, the regional exposure level with the meta-estimate of the odds ratio attributable to each of the 5 risk factors.
The number of pneumonia cases in each low and middleincome country (LMIC) was calculated using a model based on the epidemiological concept of potential impact fraction [51] , as follows:
where N is the number of new episodes of childhood pneumonia per year in each country, Pop <5yrs is the population of children aged 0-4 years in each LMIC, Inc LMIC is the estimated incidence of clinical pneumonia for all LMIC, Prev RFn is the prevalence of exposure to n-th risk factor among those under 5-year in the country of interest, Prev RFnLMIC is the prevalence of exposure to n th risk factor among underfives in all LMIC, and RR RFn is the relative risk for developing clinical pneumonia associated with the n th risk factor (see Online Supplementary Document for further details).
The incidence of pneumonia for all LMIC was derived from35 community-based studies published between1990 and 2012 (references shown in Online Supplementary Document), by using the median value (0.22 episodes/ child-year) and inter-quartile range (IQR) 0.11-0.51 as confidence intervals.
Although there are many possible methods to distribute the global and/or regional burden estimate among individual countries, the approach used above is our preferred solution because it is epidemiologically sound and biologically intuitive insofar as it is based on the country specific prevalence of known risk factors for pneumonia, and because it can be explained in a transparent and accessible manner. Although more complex models exist, our experience is that these sometimes result in implausibly high or low estimates for some countries, the cause of which is difficult to disentangle. This model, because of its computational simplicity and epidemiologic basis, has not suffered from this problem. The model has also been shown to distribute a known overall burden by specific countries in the absence of truly nationally representative information from many (or, in this case, from most) countries in a way which is consistent with clinical and epidemiologic knowledge.
The proportion of cases of severe pneumonia (based on the WHO definition that requires presentation of lower chest wall indrawing, and represents an indication for hospitalization) for LMIC was computed based on 9 communitybased studies in LMIC that reported the proportion of severe pneumonia episodes among all pneumonia episodes (references shown in Online Supplementary Document). The median value was 11.5% (IQR 8.0-33.0%). The incidence of pneumonia in high-income countries, based on a smaller number of very large, high-quality studies (references shown in Online Supplementary Document), was also estimated using medians (and IQR): it was 0.015 e/cy in EUROA and AMROA regions; 0.030 e/cy in EURO Band 0.060 in EURO C. The mean of those values (for the whole HIC region), weighted by their under-five population size, was0.024 e/cy [52] . Approximately 26.7% (IQR 20.0-46.7%) of those episodes are estimated to progress to severe pneumonia, based on several studies from high-income countries (references shown in Online Supplementary Document). The estimates for the number of incident and severe pneumonia episodes derived in this way did not account for the use and effect of pneumococcal conjugate vaccine (PCV) and Hib vaccination coverage in 2010 at this stage of the estimation process, so the values from this step are not considered the final pneumonia burden numbers.
Etiologic fractions of pneumonia and severe pneumonia cases
We split both the incidence and severe morbidity of childhood pneumonia by etiological agents while adjusting for the effects PCV and Hib vaccines according to country specific coverage values provided for 2010 by the UNICEF [53] . In doing so, we used the proportional contributions to all childhood pneumonia and severe childhood pneumonia from previous burden estimates on SP [43] , Hib [44] , RSV [45] and influenza [46] and accounted for vaccine efficacy and serotype distribution of pneumococcal disease as well as dual use of Hib and PCV where relevant. All further details are available in Online Supplementary Document.
Country-specific estimates of the number of deaths from childhood pneumonia
This was available for 2010 from Li et al. [41] . A more recent update was made available by the UN Inter-Agency Group for Child Mortality Estimation IGME in UNICEF's 2012 report, which we term a "2010-2011" estimate [54] . Given the important focus on child mortality, and relatively minor differences compared with the Li 2010 estimates, we elected to use the 2010-11estimates for the envelopes of pneumonia deaths by country. The same decision was made in the Lancet's series [13] . The only methodological problem with this decision is a separation of Sudan and introduction of the new country -South Sudan from 2011, but we presented our results on mortality for both Sudan nations combined, and kept it within the EMRO region, although South Sudan belongs to AFRO region in the new classification [47] .
Proportional split of pneumonia deaths by etiological agent
To estimate the fraction of pneumonia deaths attributable to SP and Hib, we used the meta-analysis of the efficacy of PCV and Hib vaccines against chest X-ray confirmed pneumonia as has been described earlier (43, 44) , based on the assumption that the etiologic fraction of these bacteria among these particular cases approximates the etiologic fraction among the deaths. The values (33.0% for SP and 21.3% for Hib) were then adjusted by country for the use of PCV and Hib vaccine to derive the final SP and Hib proportions [43, 44, 53] . Since the global disease burden estimates for flu and RSV pneumonia were not able to give point estimates and confidence intervals due to lack of data we did not attempt to go beyond the published global and regional estimates for these conditions and so did not attempt to derive national-level estimates [45, 46] . Table 1 presents our estimates for 192 countries, grouped by the WHO regions: Africa (AFRO), the Americas (AMRO), Eastern Mediterranean region (EMRO), SouthEast Asian region (SEARO), Western Pacific region (WPRO) and European region (EURO). Several main results emerge from the presented figures. First, the population of underfive children in the world increased from 604.9 million to 633.5 million between 2000 and 2010, but the majority of the increase was observed in low-and middle-income countries (523.3 to 547.3 million), and only a smaller share in high-income countries (81.6 to 86.2 million). Holding all else constant, an increase in total child population would increase the absolute number of pneumonia cases; however, the number of cases has decreased over the past decade, because the incidence has decreased substantially. When presenting our estimates of incidence for 2000, we reported on 28 studies published between 1960 and 2000 that suggested an estimated incidence of 0.29 (0.21-0.71) episodes per child-year globally [18] . In this most recent estimate, we used 35 studies published between 1990 and 2010 with a median incidence of 0.22 (0.11-0.51). This is a notable reduction, of nearly 25%, over a period of a decade. In high-income countries we gathered more data over the past decade, and a very rough estimate of 0.05 e/ cy, based on two very large, but historic studies in the USA and the UK [55, 56] , was refined and replaced with the data from 9 more contemporary studies, which provide a community-based incidence of 0.015 e/cy (0.012-0.020) for HIC only (WHO's "A" regions), a more plausible estimate for the modern industrial societies.
RESULTS
The 2000 estimate of the proportion of pneumonia episodes that are severe was 8.6% (7.0-13.0%), and was based on 6 studies, all of them from LMIC [18] . The estimate for 2010 is based on 9 studies and brings the estimate for LMIC upward, to 11.5% (8.0-33.0%). In HIC for 2000, we did not have an evidence-based estimate for the proportion of pneumonia episodes in the community that develop into severe cases. In this current analysis, we found 9 more recent studies from HIC that show a much higher estimate of the proportion -26.7% (20.0-46.7%). However, many of them come from hospital-based studies, where more severe episodes are likely to be clustered, and a lower threshold for severity is generally applied. Still, an increasing trend in the proportion of severe episodes in LMICs seems consistent with a higher proportion expected in HICs. Nevertheless, in an effort not to overestimate the severe pneumonia burden we elected to use the proportion of pneumonia episodes developing into severe disease from the LMIC in all HIC also.
An analysis of the prevalence of exposure to the 5 main risk factors in the year 2010 in comparison to 2000 shows that the prevalence of malnutrition declined in all LMICs from 26.9% to 21.9%, low birth weight from 15.9% to 8.8%, non-exclusive breastfeeding from 64.4% to 52.6% and solid fuel use from 65.5% to 52.2% [49, 50] . The exposure to all of those risk factors fell by 20-30%, which provides plausibility to the finding that our estimate of the incidence of pneumonia fell by 25% between 2000 and 2010 in LMICs. We could not perform a similar comparison with the crowding risk factor, because of the change of the definition of crowding from "5 or more" to "7 or more" residents in the same household between surveys done in 2000 and 2010.
This study also exposed rather dramatic changes in the importance of different etiological agents along the spectrum of pneumonia episode severity. At the level of all incident episodes in a community, RSV is the most common pathogen, present in about 28.8% of all episodes, followed by influenza (17.0%), while SP (adjusted for vaccine use of both Hib and PCV) is estimated to account for only 6.9% of cases and Hib (adjusted for vaccine use) in 2.8% of cases. However, at the level of severe episodes, RSV's contribution decreased to 22.6% and influenza to 7.0%, while SP rose to 18.3% and Hib to 4.1%. Bacterial etiologies become even more important in the subgroup of the children who eventually die of the disease, with the dominant causes being SP (32.7%) and Hib (15.7%). Again, both of these estimates account for Hib and PCV vaccine use in 2010.
DISCUSSION
Although there is seemingly more evidence used in this study than there was available in the previous studies of global childhood pneumonia morbidity [1, 18] , the increase in evidence is only slight: 35 studies in 1990-2010 to estimate global pneumonia incidence, in comparison to 28 studies for the period 1960-2000 [18] . This also means that the studies published between 1990 and 2000 were used to produce both estimates. However, the most recent studies (those published after 2000) are consistently showing a substantially lower incidence of community-based pneumonia than was the case historically, which implies that the burden of morbidity is steadily decreasing. This also suggests that the estimates presented in this paper maybe more closely related to the situation in the year 2000 rather than 2010, because we used the information from the previous two decades in the context of scarcity of information, and the true morbidity figures for 2010 are likely to be even smaller, ie, less than 0.20 e/cy. In addition, the decreasing trend is quite consistent with apparent improvements in risk factor prevalence, as recorded by DHS and MICS [49, 50] .
With more evidence, the proportion of pneumonia cases that are severe has been revised upward. For HIC, most of these estimates were relevant to children hospitalized for pneumonia, thus clustering the most severe cases, while most studies in LMICs are community-based and encompass a full spectrum of severity. Still, it appears that the increase in the proportion of severe episodes in the LMICs is a valid trend, given the high proportion in HICs (which may reflect increased proportion of parents seeking care and lower threshold for hospitalization). This finding may seem paradoxical (ie, that the proportion of pneumonia that is severe in nature is higher in high income settings that LMIC) and may be explained by a propensity to hospitalize children in HIC or by a faster reduction in pneumonia incidence at the community level than in the incidence of severe pneumonia episodes. We could speculate that improved social, economic and lifestyle conditions in many LMICs over the past decade have a rather major effect on pneumonia incidence in the whole population, while the cases that progress into severe episodes are still clustering in the areas with persistent poverty which are not really enjoying the benefits of economic growth, so it is more difficult to reduce them. If this is true, then the proportional contribution of severe episodes to all pneumonia episodes in the community is set to continue increasing over time, although both the cases of pneumonia in the community and severe cases are being reduced -but the former is being reduced at a faster pace than the latter.
It is reassuring that the etiological estimates for SP, Hib, RSV and influenza, which were based on entirely different data sets from those that were used for the estimates of pneumonia incidence, severe morbidity and mortality, and which were also conducted independently of each other, are all "fitting" into the envelopes of pneumonia incidence, severe morbidity and pneumonia deaths at the global, regional and (for SP and Hib) also at the national level [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] . At the level of pneumonia incidence, there is likely a multitude of etiological causes that contribute to pneumo-nia in the community. Therefore, at the global level, the four major pathogens combined explain about 55% of all episodes, according to our computations, but this grows to considerably more among pneumonia deaths [43] [44] [45] [46] . The modeling effort does not reveal whether the unattributed fractions are likely from these four pathogens or from other pathogens. As an example, at the level of severe episodes, it appears that the four pathogens explain nearly 95% of all episodes in Europe and 83% in the Americas, but only 48% in Eastern Mediterranean region and as little as 39% in sub-Saharan Africa. A large ongoing project funded by The Gates Foundation -"The Pneumonia Etiology Research for Child Health (PERCH)" study -will try to explain etiology of childhood pneumonia better at the global level [25] . It is a 7-site study in LMICs, coordinated by Johns Hopkins University, to determine the etiology, or causes, of pneumonia, and the first results are expected in the latter part of 2014 [25] .
All burden of disease estimates must cope with the issue of uncertainty in the data and the estimates. All the estimates of childhood pneumonia at either global, regional or (especially) national levels are inherently uncertain, for the many reasons mentioned in the beginning of this paper.
The evidence to population models remains limited, and the case definitions used across studies are not all the same, yet the estimates are rather robust. What makes them plausible, if not certain, is that they are internally consistent: mutually independent cause-specific etiology estimates "fit" into the "envelopes" of total cases, severe cases and deaths; in addition, case-fatality rates between incident cases and deaths, and severe episodes and deaths, based on our model, resemble those observed in real data. This is all reassuring, but it also needs to be noted that the estimates of uncertainty (presented in Online Supplementary Document) are still probably (substantially) under-estimated. This is because each and every parameter derived from a previous parameter (eg, proportion of all acute lower respiratory infection (ALRI) cases that are SP) has its own uncertainty, as do the estimates of vaccine effectiveness, risk factor odds ratios, rates of vaccine coverage, and all other parameters in the model. We typically expressed only uncertainty related to each specific parameter, without adding the uncertainty of all the previous parameters from which the new estimate has been derived. This makes the whole table in the Online Supplementary Document seem more precise than it actually may be, given that the uncertainties are really large, and only the consistency between different estimates in the much bigger picture is what gives it some credibility with the current amount of evidence. CHERG aims to continue identifying new sources of published and unpublished good quality data and updating these estimates regularly with this new information and so increase the quality of its estimates towards the Millennium Development Goal 4 target in 2015 and well beyond, until preventable childhood diseases are adequately controlled and responded to everywhere in the world [57, 58] .
